Here we address the question whether the ionized shells associated with giant HII regions can be progenitors of the larger HI shell-like objects found in the Milky Way and other spiral and dwarf irregular galaxies. We use for our analysis a sample of 12 HII shells presented recently by Relaño et al. (2005 Relaño et al. ( , 2007 . We calculate the evolutionary tracks that these shells would have if their expansion is driven by multiple supernovae explosions from the parental stellar clusters. We find, contrary to Relaño et al. (2007) , that the evolutionary tracks of their sample HII shells are inconsistent with the observed parameters of the largest and most massive neutral hydrogen supershells. We conclude that HII shells found inside giant HII regions may represent the progenitors of small or intermediate HI shells, however they cannot evolve into the largest HI objects unless, aside from the multiple supernovae explosions, an additional energy source contributes to their expansion.
Introduction
The origin of numerous holes and shells detected in the distribution of neutral hydrogen in spiral and dwarf galaxies (Heiles, 1980; Brinks & Bajaja, 1986; Puche et al., 1992 ) is a long standing problem (Heiles, 1984; Tenorio-Tagle & Bodenheimer, 1988) . Heiles (1984) , Brinks & Bajaja (1986) , Puche et al. (1992) , Mashchenko et al. (1999) , Ehlerová & Palouš (2005) detected in the Milky Way, M31 and in the dwarf irregular galaxy Holmberg II (HoII) hundreds of neutral hydrogen shells whose radii range from a few tens to a thousand parsecs. On the other hand, Fabry-Perot observations of the ionized gas kinematics in many galaxies revealed a number of shells whose radii reach a few hundred parsecs and whose velocity pattern suggests an expansion with velocities up to 60 -70 km s −1 (see, for example, Lozinskaya 1992; Chu et al. 1990; Oey & Massey, 1995; Valdez-Gutiérrez et al. 2001; Nazé et al. 2001; Lozinskaya et al. 2003; Relaño & Beckman, 2005 and references therein). The majority of these shells is associated with interior stellar clusters. The standard model (McCray & Kafatos, 1987; Mac Low & McCray 1988) was constructed with the energy injection from multiple supernovae explosions and stellar winds occurring in young stellar clusters which are often found inside small and intermediate sized shells. In such a case the energy supplied by supernovae and individual stellar winds is thermalized inside the parental stellar cluster, resulting in a high central overpressure which drives a high velocity outflow (the star cluster wind). This outflow, when interacting with the ambient interstellar medium (ISM), forms a leading and a reverse shocks which are separated by a contact discontinuity (see Figure 1 ). The interstellar gas collected by the outer shock forms an expanding shell which moves because the thermal pressure in the region C, between the reverse shock and the contact discontinuity, exceeds the ISM pressure. The swept-up gas cools rapidly and forms an expanding shell photoionized by the Lyman continuum from the embedded cluster. The number of ionizing photons rapidly drops with the star cluster age (Leitherer et al. 1999 ) and eventually (after ∼ 10 Myrs) the driving cluster (or clusters) will find itself embedded inside a slowly expanding neutral hydrogen shell. The shell radius and velocity depend on the amount of energy released by the cluster and on the parameters of the ambient interstellar medium (see review by Bisnovatyi-Kogan & Silich, 1995 and references therein) . While the standard model is broadly consistent with the parameters of many small and intermediate sized structures found around young stellar clusters and OB associations (see, for example, the discussion of the superbubble growth discrepancy in Oey & García-Segura, 2004 and the analysis of the XMM-Newton observations of the 30 Dor C in Smith & Wang 2004) , it meets a profound energy problem when applied to larger structures whose radii are comparable to the characteristic Z-scale of the density distribution in the host galaxy. For instance, Rhode et al. (1999) found that, in the case of the HoII galaxy, the stellar clusters found inside HI holes are unable to remove gas from these regions. Kim et al. (1999) found only a weak correlation between the Large Magellanic Cloud (LMC) neutral hydrogen holes and the HII regions and concluded that the hypothesis of multiple supernovae is inconsistent with their data. Hatzidimitriou et al. (2005) cross-correlated the positions of 509 young neutral hydrogen shells detected in the Small Magellanic Cloud (SMC) with the locations of known OB-associations, Wolf-Rayet stars, supernova remnants and stellar clusters. They found that 59 shells have no young stellar objects associated with them despite the distributions of their radii and expansion velocities are consistent with those predicted by the multiple SNe model. They concluded that turbulence may be a promising mechanism that would allow us to understand the origin of these objects, but a quantitative comparison of the existing theory with observations is not possible at this moment. Crosthwaite et al. (2000) examined the distribution of HI in the nearly face-on Scd galaxy IC 342 and did not find either the kinematic signatures specific to the expanding shells, or indications on the distortion of the observed structures by the differential galactic rotation, which is expected to be noticeable if the observed structures expand because of the energy output provided by the embedded stellar population (Palous et al. 1990; Silich, 1992) . Therefore Crosthwaite et al. (2000) have concluded that the observed flocculent structure is formed via gravitational instabilities in a turbulent galactic disk, as suggested by Wada & Norman (1999) , and not because of the energy output provided by the stellar component of the galaxy. Silich et al. (2006) have compared parameters of a ∼ 500 pc radius HI ring detected in dwarf irregular galaxy IC 1613 with a combined energy output provided by a number of OB associations found inside the structure. They did not find a noticeable expansion velocity and concluded that the observed radius and mass of the structure are inconsistent with the SNe hypothesis.
Several other mechanisms that allow to shape the ISM of the host galaxy into large shell-like structures similar to those observed in nearby spiral and irregular galaxies, and that do not require violent stellar activity, include collisions of high velocity clouds with galactic disks (Tenorio-Tagle, 1981; Comeron & Torra, 1992) , non-linear instabilities in the self-gravitating turbulent galactic disks (Wada et al. 2000; Dib & Burkert, 2004 ) and more exotic mechanisms such as the distortion of the ISM by powerful gamma-ray bursts (Efremov et al. 1999 ).
On the other hand, several modifications of the multiple SNe hypothesis have been suggested by different authors, in an attempt to reconcile the observed parameters of large HI structures with those predicted by the multiple supernovae model. Elmegreen & Chiang (1982) added the effects of the radiation pressure from field stars, that is able to provide additional expansion. Palous et al. (1990) added the effects of galactic rotation that distorts and stretches the shell along the direction of rotation. McClure-Griffiths et al. (2002) found that some HI shells are located between the spiral arms of the Galaxy. They suggested then that density gradients that occur between the spiral arms and the interarm medium could result in the enhancement of the predicted sizes and migration of large shells from spiral arms into the interarm medium.
More recently, Relaño et al. (2007) have suggested that the population of ionized H α shells associated with large HII regions (Rozas et al. 1996; Relaño & Beckman, 2005) may represent the precursors of the larger HI structures, and claimed that a very simplified analytic model is enough to explain larger HI objects. They assumed that young shells observed in H α emission evolve in an energy dominated regime until the beginning of the supernova explosion phase, then make a transition to a momentum dominated stage and continue to expand with the momentum supplied by the embedded cluster during the initial time. The idea is not new (Dyson, 1980; Bruhweiler et al. 1980) and was used by Gil de Paz et al. (2002) and Silich et al. (2002) , who discussed the origin of a giant (R ≈ 700 pc) ring in the low-metallicity BCD galaxy Mrk 86. However, the key problem with this idea is that the momentum dominated regime is inefficient in driving bubble expansion because the thermal pressure in zone C (Figure 1 ) is approximately equal to the ram pressure of the ejected gas at the location of the reverse shock. Given that ram pressure drops as r −2 , the driving pressure equals the external pressure at a certain radius and the expansion quickly stalls after that point. Therefore we wonder how the early transition to the momentum dominated stage can solve the "energy crisis" that has been discussed by many authors during the last decades.
Here we re-analyze the hydrodynamical model presented in Relaño et al. (2007) keeping their assumption of a fast transition to the momentum dominated stage. We show that the over-simplified hydrodynamic equations and the "statistical" initial conditions adopted by them, which are not consistent with parameters for the largest HI structures, lead to overestimated expansion velocities and radii of the shells. Our results do not support their contention that H α shells associated with the HII regions can be progenitors of the largest HI structures in the absence of any additional driving mechanism (for instance, radiation pressure from field stars, as suggested by Elmegreen & Chiang 1982) .
The paper is organized as follows: in Section 2 we establish the main equations of our hydrodynamical model, and compare them with those used by Relaño et al. (2007) . In Section 3 we first determine the initial conditions required to perform the numerical integration of the equations, and then present the resulting evolutionary tracks, our main result that small shells found in giant HII regions cannot be the progenitors of the largest neutral hydrogen supershells detected in gaseous galaxies.
Main equations
The kinetic energy supplied by supernovae and stellar winds from stellar clusters is thermalized by a shock, and this results in the four-zone structure discussed in Figure 1 (Castor et al. 1975; Weaver et al. 1977; Mac Low & McCray 1988; Bisnovatyi-Kogan & Silich 1995 and references therein) . If thermal pressure in zone C suddenly drops, the radius of the reverse shock approaches the contact discontinuity, and the expansion of the outer shell is then supported directly by the momentum deposited by the stellar cluster (see, for example, Koo & McKee, 1992) . Relaño et al. (2007) suggested that interstellar shells expanding around star forming regions reach this stage after a short while and then evolve in the momentum-dominated mode. We follow their assumption in the next sections, but note that it is in bad agreement with estimates of the characteristic cooling time in zone C (e.g., Figure 1 presented in Mac Low & McCray 1988 ). In the 2D or 3D cases, this regime occurs at the waist of the shell if a driving cluster is embedded into the disk-like density distribution Silich et al., 2006) . The expansion of the shell (or of some segments of the shell) is then defined by mass and momentum conservation:
where M, u and R are the mass, expansion velocity and radius of the shell, respectively. R 0 is the initial radius of the shell, t 0 is the initial time and M 0 is the initial mass of the shell. The second term is the mass of the interstellar gas swept up by the expanding shell, and the last term in equation (1) is the amount of ejected matter that sticks to the shell from the inside. The right-hand part of equation (2) represents the difference between the ambient gas pressure, P ISM , and the driving ram pressure of the ejecta.Ṁ SC is the mass deposition rate provided by SNe explosions and stellar winds, ρ w (R) is the density of the ejected matter when it reaches the shell, and V ∞ is the terminal speed of the ejected matter.
We assume that the parameters of the cluster remain constant during the evolution, and that the expansion velocity of the shell is much smaller than that of the ejected matter, u ≪ V ∞ . The mass deposition rate,Ṁ SC , and the density of the ejecta, ρ w (R), then are:
where L SC is the rate of mechanical energy supplied by supernovae and stellar winds. Combining equations (1) and (2) one obtains:
One can solve these equations numerically for known values of
For the particular case when supernovae and stellar winds deposit all momentum instantaneously and the pressure in the interstellar medium is zero, P ISM = 0, equations (1) and (2) become:
Furthermore, neglecting the mass of the star forming cloud and assuming
the solutions are reduced to the set of the main equations (equations 1 and 2) used by Relaño et al. (2007) :
Thus, their main equations represent an oversimplified 1D model that neglects the effects of the ambient pressure, the mass of the star forming cloud and the continuous mechanical energy injection.
To illustrate the differences in the solutions of equations 5 and 6 and equations 10 and 11, we assume an interstellar gas density
where M HI and R HI are the mass and radius of an evolved HI shell (for the comparison we use the particular case of GSH 285-02+86, whose radius and mass are R HI = 385 pc and M HI = 44 × 10 5 M ⊙ , respectively). The number density of the interstellar gas then is n ISM = 0.75 cm −3 . We further assume that the initial radius of the shell is R 0 = 104 pc and obtain the initial mass of the shell, M 0 , from equation (9). Then we use the observed velocity of the progenitor shell (64.7 km s −1 ) as the initial value for the solution of equations 5 and 6. For the oversimplified case of equations 10 and 11 we use energy conservation, and the initial velocity in this case is
where the kinetic energy of the progenitor shell, E kin = 36.1 × 10 52 erg s −1 , has been derived from the Starburst99 synthetic model (Leitherer et al. 1999) . Note that one cannot use identical initial conditions (the same initial velocity) in both approaches because in one case the energy and momentum are deposited instantaneously and, in the other, they are supplied continuously and grow with time during the shell evolution. Figure 2 presents the expansion velocities predicted by both sets of equations. Certainly, the initial velocity in the oversimplified model is much larger than that of equations 5 and 6, but it drops faster. When the radius of the shell becomes about three or four times that of the initial value, the difference between the two calculations becomes small. Later on, the effect of the ambient pressure becomes important, but the shell continues to expand in the oversimplified model.
In the next section we drop all simplifications associated with the analytic solutions and solve equations (5) and (6) numerically.
3. The expansion of the momentum-dominated shell into the homogeneous ISM
Initial conditions
We start the integrations at the initial time, t 0 = 10 6 yr, and with the initial mass, M 0 . We adopt initial radii, R 0 , and expansion velocities, u 0 , derived from the H α observations of the ionized shells. R 0 is approximately 0.3 times the radius of the HII region, and u 0 is the observed velocity of the H α shell. For example, in the case of NGC 1530-8, R 0 = 104 pc and u 0 = 64.7 km s −1 , respectively. In order to calculate the initial mass of the shell, we substitute into equation (9) the value of the initial radius and the average density 0.1 cm −3 assumed by Relaño et al. We also assume that the embedded cluster continuously expels the gas released by SNe and stellar winds, whose momentum supports the expansion of the outer shell, during ∼ 40 Myr, the characteristic life-time of a 8 M ⊙ star -the lowest mass star which will eventually explode as a supernova. Also, the pressure in the surrounding medium is explicitly included here.
We calculate the density of the ISM using the masses and radii of the HI shells and their progenitors:
Thus, we derive the density of the ISM for each couple of HI and HII shells from their observed parameters. For instance, in the case of GSH 285-02+86, GSH 304-00-12 and GSH 305+01-24 from the list of McClure-Griffiths et al. (2002) , the interstellar gas number density would be 0.75, 1.38 and 0.62 cm −3 , respectively, if one uses as the progenitor the HII shell N8 found by Relaño et al. (2007) in the spiral galaxy NGC 1530.
The average mechanical luminosity of the embedded cluster has been calculated from the Starburst99 synthetic model with an instantaneous burst of star formation (Leitherer et al. 1999) . The average mechanical luminosity of the cluster then is:
where we use τ = 10 Myr. The mechanical luminosities of the embedded clusters, as well as the initial masses, radii and velocities for all shells are listed in Table 1 .
The temperature of the interstellar medium is assumed to be T ISM = 6000K, which is a typical value in the warm neutral component of the ISM (Brinks, 1990) . The thermal pressure in the ambient medium then is P ISM = k n ISM T ISM , where k is the Boltzmann's constant and n ISM = ρ ISM /m H is the interstellar gas number density obtained from equation (14).
The last input parameter for our model, the terminal speed of the star cluster wind V ∞ , is determined by the energy and mass deposition rates, and is close to the terminal velocity of individual stellar winds (Raga et al. 2001 , Stevens & Hartwell 2003 . We assume for our calculations that the star cluster wind terminal speed is constant and falls in the range 1500 − 3000 km s −1 (e.g., Leitherer at al. 1999) . Note that this parameter defines the amount of momentum deposited by the cluster and therefore affects the dynamics of the momentum-dominated shell.
Results and discussion
We calculate the evolutionary tracks for the HII shells associated with the list of large HII regions studied by Relaño et al. (2007) , and compare them with the observed parameters of the HI shells. For the comparison we have chosen three HI shells from the list of McClureGriffiths et al. (2002) whose morphologies are close to the spherical shape: GSH 285-02+86, GSH 304-00-12 and GSH 305+01-24. They are representative of high, intermediate and low mass objects, respectively.
The results of the calculations are presented in Figure 3 and in Table 2 . The top left panel in Figure 2 compares the results of the calculations with the parameters of low mass neutral shells. It shows that most of the HII shells detected in the giant HII regions certainly can evolve into objects whose parameters are identical to those of low mass HI shells. For example, in the case of GSH 305+01-24, nine out of the twelve HII shells (see Table 2 ) can easily reach the observed size of the HI shell having a proper mass (3.9 × 10 5 M ⊙ ) and an expansion velocity which is similar or even higher than the observed velocity of GSH 305+01-24. This implies that the HII shells found by Relaño et al. (2007) in giant HII regions can be progenitors of such low mass HI shells.
The top right panel in Figure 3 compares the evolutionary tracks of the progenitor shells with the observed parameters of the intermediate mass (1.9 × 10 6 M ⊙ ) HI object GSC 304-00-12. In this case only the four most energetic HII shells (NGC 1530-8, NGC 1530-22, NGC 3359-6 and NGC 6951-2) can eventually reach the required radius sweeping enough interstellar mass (see Table 2 ). However only two of them (NGC 1530-8 and NGC 6951-2) present the expansion velocities that are similar to the observed one. The expansion velocities of the rest fall well below the observed value. Thus GSC 304-00-12 represents a limit case that separates the low mass HI objects driven by multiple SNe explosions from the largest ones whose parameters are not consistent with the multiple SNe hypothesis. The latter case is illustrated by the bottom panel in Figure 3 .
The bottom panel compares the evolutionary tracks of Relaño's shells with parameters of the very massive shell GSH 285-02+86, whose mass is 4.4 × 10 6 M ⊙ (McClure-Griffiths et al. 2002) . Here we also present (dashed line) the expansion velocity predicted by the analytic model for NGC 1530-8, the most energetic shell from the list of Relaño et al. (2005) . The plot clearly demonstrates that the analytic model leads to overestimated expansion velocities. This is because the analytic calculations adopt a low value for the interstellar gas density which is not consistent with the masses and radii of the most massive neutral shells (in the analytic approach the mass of the shell is only 0.6 × 10 6 M ⊙ when its radius reaches the observed value of 385 pc, whereas in our calculations it is 4.4 × 10 6 M ⊙ ).
The bottom panel in Figure 3 shows that HII shells found by Relaño et al. (2005) inside giant HII regions can never evolve into the largest and most massive neutral hydrogen supershells. In this case the energy and momentum supplied by the central cluster are not sufficient to make the evolution from the original shell finally fit all the observed parameters of the HI supershell: its mass, radius and expansion velocity. In this case only the three most energetic progenitor shells (NGC 1530-8, NGC 3359-6 and NGC 6951-2) can reach a size and accumulate a mass that are comparable to those of GSH 285-02+86. However, in all these cases the model predicted expansion velocities are much smaller than that measured by McClure-Griffiths et al. (2002) for GSH 285-02+86. This implies that, contrary to the statement made by Relaño et al. (2007) , the young ionized shells found in giant HII regions cannot evolve into the largest HI supershells (i.e., eventually fit simultaneously the mass, radius and expansion velocity of the HI object) unless some additional physical mechanism, other than the multiple supernovae explosions, contributes to the formation of the largest shells at the later stages of their evolution. Figure 3 presents the results of the calculations under the assumption that the star cluster terminal speed is V ∞ = 1500 km s −1 . In order to learn how this parameter affects our results we have provided a set of numerical calculations with initial conditions which are identical to those used in the case of GSH 285-02+86 (Figure 3 , bottom panel) but with a star cluster wind terminal speed twice as large as the previous one: V ∞ = 3000 km s −1 . The results of these calculations are presented in Figure 4 which demonstrates that the model predicted expansion velocity becomes smaller when the star cluster wind terminal speed grows up. This implies that one cannot avoid the discrepancy between the predicted and the observed velocities by varying the star cluster wind terminal speed within a reasonable velocity interval.
Conclusions
Here we have critically examined the evolution of the ionized shells found inside giant HII regions, as predicted by the multiple SNe model in one dimension. We have used the observed parameters of the HII shells as initial conditions for our numerical model and compared the results of the calculations with three representative cases of low, intermediate and high mass HI objects from the list of McClure-Griffiths et al. (2002) .
We have found that the ionized shells observed within giant HII regions cannot evolve into the largest neutral hydrogen supershells if the multiple supernovae explosions of massive stars is the only driving mechanism. Some additional physical mechanism must contribute to the formation of the largest shells for the model to be in agreement with the observed parameters of the most massive neutral hydrogen supershells detected in our and other galaxies.
Note that spherically-symmetric models must be taken with care when compared with objects whose radii are comparable with several characteristic scale heights in the ISM density distribution. If that is the case, the expansion velocities at the top and at the waist of the shell are different and the shell acquires a distorted hour-glass form. The majority of the swept-up interstellar matter is concentrated in a thin layer nearby the plane of the host galaxy. 3D calculations are then required in order to investigate the shell's morphology and kinematics in the differentially rotating galactic disk (see, for example, Silich et al. 1996) .
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